We realize the dynamical 1D spin-orbit-coupling (SOC) of a Bose-Einstein condensate confined within an optical cavity. The SOC emerges through spin-correlated momentum impulses delivered to the atoms via Raman transitions. These are effected by classical pump fields acting in concert with the quantum dynamical cavity field. Above a critical pump power, the Raman coupling emerges as the atoms superradiantly populate the cavity mode with photons. Concomitantly, these photons cause a back-action onto the atoms, forcing them to order their spin-spatial state. This SOC-inducing superradiant Dicke phase transition results in a spinor-helix polariton condensate. We observe emergent SOC through spin-resolved atomic momentum imaging. Dynamical SOC in quantum gas cavity QED, and the extension to dynamical gauge fields, may enable the creation of Meissner-like effects, topological superfluids, and exotic quantum Hall states in coupled light-matter systems.
Quantum simulation in the ultracold atomic physics setting has been enriched by techniques using laserinduced atomic transitions to create synthetic gauge fields [1] [2] [3] , including spin-orbit-coupling (SOC) [4] . Quantum gases in synthetic gauge fields may allow the creation of exotic quantum phases such as topological superfluids in a pristine environment [3, 5, 6] . At the same time, strong and tunable atom-atom interactions mediated by cavity QED light-matter coupling has introduced new capabilities into quantum simulation [7] [8] [9] [10] [11] . As such, many-body cavity QED provides unique opportunities for exploring quantum phases and transitions away from equilibrium [8, [12] [13] [14] [15] .
Our work combines these two techniques-many-body cavity QED and synthetic gauge fields-for the creation of a novel quantum system exhibiting dynamical spin-orbit coupling. We experimentally demonstrate the emergence of SOC in a Bose-Einstein condensate (BEC) via the use of a cavity field possessing its own quantum dynamics. Our experiment realizes key aspects of several (previously unrealized) theoretical proposals for creating exotic quantum many-body states via cavity-induced dynamical gauge fields, including SOC [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . By doing so, this work opens avenues toward observing exotic phenomena predicted in these works as well as the creation of dynamical gauge fields, complementing recent progress demonstrating density-dependent gauge fields using optical lattices [30, 31] . Specifically, one might be able to explore unusual nonlinear dynamics [19] , novel cooling effects in cavity optomechanics [32] , striped and quantum Hall-like phases [16, 17, 21] , artificial Meissnerlike effects [28, 33] , exotic magnetism [18, 34] , and topological superradiant states [35] [36] [37] . Adding intracavity optical lattices could create states with directed transport, chiral liquids, and chiral insulators [23] [24] [25] [26] 28] .
Static SOC has been realized in free-space Bose and Fermi quantum gases using two-photon Raman transi- key to our dynamical SOC realization is the replacement of one of these classical fields with a cavity mode; see Fig. 1a and b. Vacuum fluctuations of the cavity mode stimulate Raman scattering of the pump into this mode. The scattering rate is slow while the atomic spins and positions are disordered. However, at sufficiently high external pump power, the scattering becomes superradiant due to atomic ordering into a jointly organized spin and motional state, reflecting the spin-orbit coupled nature of the system. Because the cavity field feeds back onto the atoms, the scattering process generating the SOC is dynamical: the SOC depends on the spatial and spin organization of the atoms and vice-versa. In contrast to systems with standing-wave pump fields in which no SOC arises [42] , SOC emerges at the transition threshold when running-wave fields are used as pumps. This is because the running-wave pumps, in conjunction with the cavity mode, impart momentum kicks to the atoms as they flip the atomic spins [43] . Momentum is transferred only along the pump axis because the the cavity field is a standing wave. Figure 2 depicts the emergence of SOC, both in terms of occupation of momentum states and in the coupling between the bands. The phase transition results in a spinor-helix-like state where the spin state rotates alongx with a period commensurate with the pump wavelength. While the total density remains translationally invariant alongx, both spin and density are modulated along the cavity axis, as described below.
This dynamical SOC may also be understood from the perspective of cavity-field phase fluctuations. Below threshold, the scattering into the cavity is due to the pump light coupling to incoherent atomic spin and density wave fluctuations [44] . These spinor density-wave fluctuations cause the resonating light to possess a phase that is both uncorrelated and time-varying with respect to that of the pump field. Therefore, coherent Raman transitions-and thus, SOC-are suppressed due to the random diffusion of the relative phase between the pump and cavity fields.
Stable SOC emerges only once the phase of the cavity field locks with respect to the pump fields. This locking occurs when the pump power reaches a threshold for triggering a nonequilibrium (Hepp-Lieb) Dicke superradiant phase transition [8, 15] . At threshold, the atomic spinor state condenses into helical patterns oriented along the pump axisx. There is a helix at each antinode of the cavity field alongŷ and the phase of neighboring helices differ by π; the resultant state is |ψ helix = |↓ ±e ikx cos ky |↑ [45]. The broken Z 2 symmetry of the phase transition is reflected in the spontaneous choice of the ± sign, which determines the helix phase (0 or π) with respect to the phase of the pump fields. The helix pattern serves as a grating for the Bragg-diffraction (i.e., superradiant scattering) of pump photons into the cavity mode. Superradiance increases the coherent field of the cavity by a factor proportional to the number of atoms. Moreover, it locks the cavity phase to either 0 or π with respect to the phase of the Raman lasers. This phase choice is correlated with the ±-sign choice in |ψ helix .
The experiment employs two counterpropagating pump beams with amplitudes Ω + and Ω − to couple two internal states |F, m F = |1, −1 ≡ |↓ and |F, m F = |2, −2 ≡ |↑ of a 87 Rb BEC. This is illustrated in ψ ↑↓ . The SOC Hamiltonian is
(1) where k r is the recoil momentum of the transverse pumps, e x is the unit vector inx,δ is the effective twolevel spin splitting set by the Raman detuning δ minus the (small) AC light shift, and
is the dispersive shift [46] . The dynamical Raman coupling strength iŝ
where ∆ ± = −150 GHz ± ω HF is the atomic detuning for each pump, ω HF = 6.8 GHz the total hyperfine and Zeeman splitting between the two spin states, and g(x, z) the spatially dependent single-atom atom-cavity coupling strength. See supplemental material for a derivation of this SOC Hamiltonian model and its mapping to the Dicke model. This model is similar to that considered in the recent proposal paper [28] , where exotic Meissnerlike effects were predicted to exist, as also discussed in Ref. [33] . Another recent proposal paper considered a similar Raman coupling scheme in the context of generating exotic spin Hamiltonians [34] . The SOC arises in this model because each spin state is addressed by only one of the two Raman processes. For instance, an atom in |↓ can only scatter photons into the cavity from Ω + , since Ω − is off-resonance by ≈ 2ω HF . Due to the running-wave nature of the transverse pumps, each scattering event imparts a net momentum along +e x onto the atom, because the accompanying momentum change ±k r along the cavity direction averages to zero since either direction is equally probable. Likewise, an atom originating in |↑ will receive a net momentum kick along −e x , where the direction is opposite due to the counterpropagating orientation of the running-wave pump beams. The result-opposite spin states moving in opposite directions-thus realizes SOC. Note however, that the Raman coupling termΩ SOC contains the cavity field operatorsâ andâ † . Since the cavity field is determined self-consistently by the dynamics of the atom-spin-cavity system, and is initially in a vacuum state, the SOC term emerges dynamically as the atoms organize to scatter superradiantly.
We now present data demonstrating emergent SOC. A BEC of 4.1(3) × 10 5 87 Rb atoms, all prepared in |↓ , is placed at the center of a TEM 00 cavity by an optical dipole trap; see Refs. [10, 44, 48] for details. The cavity and pump fields are tuned such that ∆ c = −6 MHz andδ = −10 kHz. We record the light emitted from the cavity on a single-photon counter. The power of the transverse pumps is gradually increased and then held constant, shown by the black dashed line in Fig. 3 . The recorded cavity emission is shown in blue, and rapidly increases when the optical power reaches threshold, indicating the emergence of superradiant scattering and, consequently, the nonzero Raman coupling needed for SOC [49] . The superradiance lifetime is presumably limited by the dephasing of the two pumping beams, which we independently verified is also on the millisecond timescale.
We have observed that the SOC-induced Bragg peaks emerge at the same pump power as the threshold for superradiant cavity emission, as expected; see Fig. 2 . This is determined by correlating the cavity emission signal in Fig. 3 with the spin-resolved, time-of-flight imaging of the atomic gas in Figs. 4a and b [50] . These images provide full information about each spin-species' momentum distribution. Below threshold, the cavity emission is weak and all atoms are in the initial state, i.e., a zeromomentum spin-polarized state. This is shown in Fig. 4a . At a time shortly after reaching threshold, a fraction of the atoms have undergone a spin-flip and have scattered into the two Bragg peaks at (−k r , ±k r ), as shown in Fig. 4b . Additionally, the reverse process occurs, mediated by Ω − , and repopulates the zero-momentum component as well as scattering some atoms into (0, ±2k r ) [51] . Crucially, the spin-species have now separated in momentum space, with a net difference in momentum component along e x . This is evidence for the SOC state, and the observed momentum distribution indicates that the spin distribution (up to global phase factors) corresponds to the aforementioned spinor-helix state |ψ helix . This state possesses similarities to the persistent spin-helix state observed in semiconductors [52, 53] and could be extended to Abelian or non-Abelian 'Majorana' spinor-helix states through the use of high-spin lanthanide atoms such as dysprosium (on timescales less than that set by dipolar relaxation) [41, [54] [55] [56] . The limited superradiance lifetime hampered our ability to measure both the excitation spectrum of the spinor-helix mode and the position of the SOC band minima in Fig. 2(d) versus the emergent Raman coupling strength. Future improvements to the Raman laser lock should improve this lifetime and enable these measurements.
In conclusion, we have observed spin-orbit coupling that emerges through a process of spin-spatial (spinor) self-organization. This organization arises due to the scattering of running-wave pump fields into the cavity field. Quantum fluctuations of the cavity field stimulate this scattering process, generating a cavity field incoherent with the pump field. At higher pump power, a runaway self-organization transition induces the superradiant scattering of a field whose phase is locked with the pumps. The resulting coherent Raman coupling-arising from the mutually coherent pump and cavity fieldsinduces dynamical SOC. Moreover, the BEC-cavity QED system is strongly coupled and therefore quantum fluctuations can play a role in the SOC dynamics. This is because the spin-spatial self-organization takes place at an SOC threshold corresponding to only a few cavity photons wherein quantum fluctuations are non-negligible. Consequences of this will be explored in future work.
The addition of dynamical SOC to the toolbox of quantum simulation in the nonequilibrium context opens new avenues for the exploration of a wide range of phenomena in quantum gases, e.g., topological superradiant superfluids. Moreover, dynamical artificial gauge fields can be created by a simple modification of the present experiment. Specifically, by using a multimode cavity (possible with our present apparatus [48] ) and by choosing the pump laser frequencies to enhance the effects of their differential dispersive light shift on the spin states, Meissner-like effects can be observed [33] . We speculate that with dynamical gauge fields, combined with the strong, sign-changing, and tunable-range photonmediated interactions provided by multimode cavities [9] [10] [11] , quantum simulators will be able to create a wide variety of exotic, nonequilibrium quantum matter.
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SUPPLEMENTAL MATERIAL
Cavity-mediated spin-orbit coupling For a pair of counterpropagating running-wave Raman lasers with amplitudes Ω ± , phases φ ± , and wavenumber k r = 2π λ , the terms of the total Hamiltonian for the system, including the cavity-assisted Raman coupling between the two spin statesψ ↑ andψ ↓ , are given by 
is the differential Stark shift due to the two pump beams, with ω HF the energy splitting between the two spin states. Note that we have defined the cavity axis alongŷ such thatẑ is the quantization axis defined by the magnetic field that we apply andx is the direction of the Raman beams. To write the Hamiltonian in the form of a familiar spin-orbit coupling Hamiltonian, we apply the unitary transformations
where φ = (φ + − φ − )/2 and Φ = (φ + + φ − )/2. After this transformation, the different parts of the Hamiltonian become 
g(x, z)Ω + ∆ +â † + g(x, z)Ω − ∆ −â + h.c. cos(k r y).
This Hamiltonian exhibits a typical form of spin-orbit coupling [1] [2] [3] , since the kinetic energy term is modified differently for each spin species.
